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Shedding Light Minireview
on the Biological Clock
enucleation. Of the many enucleation experiments un-
dertaken, perhaps the most pertinent was published 17
years ago (Nelson and Zucker, 1981). In this study, two
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species of wild rodent (nocturnal northern grasshopperDepartment of Biology
mice and diurnal golden-mantled ground squirrels) werePrince Consort Road
housed out-of-doors and exposed to direct sunlight ofLondon SW7 2BB
an average intensity of 55,000 lx. Sighted animals en-United Kingdom
trained their activity rhythms to the natural photoperiod,
whereas the circadian rhythms of enucleated individuals
drifted with a period different from 24 hr. More recent
In most organisms, a circadian clock or clocks adjust
experiments have exposed enucleated rodents to artifi-
physiology to the varying demands of the solar cycle. If cial light stimuli at lower fluxes than sunlight but at irradi-
this ªfine tuningº of physiology is toprovide any selective ances that would normally saturate phase-shifting re-
advantage, then biological clock time must be entrained
sponses. Once again, enucleation prevented entrainment
to solar time (jet lag provides us with the experience of
or phase-shifting responses to light (Foster et al., 1991).
a mismatch between biological and environmental time). Collectively, the results show that photoentrainment re-
The most potent entraining agent of the circadian sys- quires ocular photoreceptors and that even very bright
tem for all organisms is the change in the light environ- natural light cannot entrain the circadian behavior of
ment at dawn and dusk (for further discussion, see enucleated rodents.
Roenneberg and Foster, 1997). In mammals, the primary Information about the nature of the circadian pho-
circadian clock is located within the suprachiasmatic topigment, and additional evidence for its ocular loca-
nuclei (SCN), and until recently, all of the experimental tion, have been obtained from action spectrum studies.
evidence suggested it was entrained by photoreceptors In rodents, two detailed action spectra for phase-shift-
within the eye. In a recent report in Science, however, ing circadian rhythms of locomotor behavior have been
Campbell and Murphy suggest that bright light of 13,000 undertaken. In both the golden hamster (Takahashi et
lux (lx) applied to the popliteal region (skin behind the al., 1984) and the mouse (Provencio and Foster, 1995),
knee) can shift circadian rhythms of body temperature maximum spectral responses were observed near a
and melatonin (Campbell and Murphy, 1998). The route wavelength of 500 nm, and the data showed a very close
by which this stimulus may shift the clock was not estab- fit to a Dartnall visual pigment nomogram (a standard
lished, but the authors discuss Oren's hypothesis of template that describes the absorbance of vertebrate
ªhumoral phototransduction.º Oren suggests that in- opsin-based photopigments). The close fit of the action
tense irradiation of the blood will stimulate tetrapyrrole- spectrum data to a visual pigment nomogram argue that
based heme photopigments such as hemoglobin or bili- circadian responses are based upon a photopigment
rubin. Photon activation of heme moieties could lead to consisting of an opsin moiety and retinaldehyde (vitamin
the liberation of signaling gases such as carbon monox- A) chromophore. Thus, circadian photopigments and
ide (CO) or nitric oxide (NO) (Oren, 1996). In support of visual pigments appear to share a common basic struc-
this idea, Campbell and Murphy cite work which demon- ture. Oren has attempted to explain the enucleation re-
strates that NO release in the SCN is necessary for light- sults by suggesting that the eyes are required to provide
induced phase shifts. They fail, however, to address a window through which light stimulates heme-based
the paradox of how a neurotransmitter like NO can be ªhumoral photopigmentsº in the retinal vasculature, and
released in the knee, travel to the brain, and there pro- blinding blocks circadian responses to light because it
vide a specific stimulus to the SCN. The conclusions reduces the amount of light irradiating the blood (Oren,
drawn by Campbell and Murphy are controversial, and 1996). Tetrapyrrole-based molecules, like hemoglobin
there has been some reluctance to accept extraocular or bilirubin, have characteristic multipeak absorption
photoreception and ªhumoral phototransductionº by spectra. If circadian responses to light were based upon
many neurobiologists. The experimental design has such molecules, then the rodent action spectra should
been a matter of concern to some, but the overwhelming reflect this. They do not. As discussed above, circadian
problem for most circadian researchers is that enucle- responses to light are characteristic of opsin/retinalde-
ation (eye loss) in humans has been reported to block hyde-based photopigments. Action spectra have also
circadian responses to light (photoentrainment) (for ref- been useful in addressing the following, rather tortuous
erences, see Czeisler et al., 1995). Moreover, a detailed but often voiced, argument: mammals have encephalic
body of work in rodents has gone some way to revealing photoreceptors, but in order to function, these photo-
the mechanisms of photoentrainment and has failed to receptors require (for some reason) an eye. By this ar-
find anyevidence for extraocular receptors. The findings gument, eye loss does not remove the circadian pho-
in rodents are outlined below and in Table 1. These toreceptors but removes some factor for encephalic
data are used to examine the Campbell and Murphy photoreceptor function. If, however, encephalic pho-
hypothesis that mammals have extraocular photorecep- topigments do regulate the clock, then we would again
tors that mediate photoentrainment. expect a different set of action spectrum results. The
The issue of extraocular photoreception and photo- spectral modification of light passing through the tis-
sues overlaying encephalic photoreceptors would shiftentrainment in rodents has been studied using bilateral
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Table 1. The Current Understanding of Rodent Photoentrainment Can Be Summarized by Addressing Four Basic Questions
(1) Where Are the Photoreceptors that Mediate Rodent Photoentrainment?
Answer Evidence
The eyes Bilateral enucleation will block photoentrainment to very bright natural light stimuli
(Nelson and Zucker, 1981).
There is a direct retinal projection (retinohypothalamic tract [RHT]) to the suprachiasmatic
nuclei (SCN, the ªmaster clockº of mammals) (Moore et al., 1995).
(2) Are There Differences in the Processing of Light Information by the Visual and Circadian
Systems?
Answer Evidence
Yes The thresholds for phase-shifting circadian rhythms are significantly higher than the light
levels required for visual responses (Nelson and Takahashi, 1991).
The circadian system is insensitive to light stimuli of a short duration but can integrate light
information over long periods of time (minutes). By contrast, integration times for visual
responses are in the order of seconds (Nelson and Takahashi, 1991).
The retinal ganglion cells (RGCs) that project to the SCN are scarce, spread across the
retina, and have extensive dendritic arbors. This will reduce the spatial resolution of the
projection but increase the sampling area. In addition, there is an absence of retinotopic
order in the RHT; RGCs project randomly to the retinorecipient areas of the SCN (see
Provencio et al., 1988a).
Rodents that lack classical visual responses are still capable of normal photoentrainment.
Two functionally distinct systems exist for processing light information in the mammalian
eye: an ªimage-formingº system, which constructs a representation of the environment,
and a ªnon-image-formingº photoreceptor system, which deduces gross changes in the
overall amount of light at different times of day (Foster et al., 1991).
(3) Which Ocular Photoreceptors Mediate Photoentrainment?
Answer Evidence
Rods? Mice that lack rod photoreceptors show unattenuated circadian responses to light. Although
not required, they may have some influence on photoentrainment (see text for details).
Cones? Mice that lack cone photoreceptors show unattenuated circadian responses to light.
Although not required, they may have some influence on photoentrainment (see text for
details).
Novel ocular receptors? Mice that lack both rod and cone photoreceptors show photoentrainment. Novel retinal
photopigments/receptors have been discovered within the eyes of nonmammals; perhaps
mammals have novel pigments too? (See text for details.)
(4) What Type of Ocular Photopigments Mediate Photoentrainment?
Answer Evidence
An opsin 1 11-cis retinal-based Action spectra for phase-shifting circadian rhythms of locomotor behavior show a very
photopigment close fit to a visual pigment nomogram. Thus, circadian responses are based upon a
photopigment consisting of an opsin moiety and retinaldehyde (vitamin A) choromophore
(Takahashi et al., 1984; Provencio and Foster, 1995).
For additional information and references, see text.
the apparent sensitivity of the pigment and grossly dis- rods have degenerated, and between 90 and 150 days
of age electrophysiological and behavioral responsestort the fit of the action spectrum to a nomogram. The
close agreement between the phase-shifting action to crude visual stimuli have disappeared. A relatively
small number of cones survive into old age, but thesespectra and a Dartnall nomogram argues that the circa-
dian photoreceptors of rodents are opsin based and cells lack outer segments. Despite the massive loss of
rods and cones, rd/rd mice show circadian responsesocular. But which ocular photoreceptors regulate the
clock? to light that are unattenuated when compared with non-
degenerate control mice (rd/1, 1/1). The irradiance re-Disentangling those ocular cells which mediate pho-
toentrainment from the mass of neurons dedicated to quired to produce both saturating and half-saturating
phase-shifting responses was found to be identical forimage detection has been a major problem. The use
of retinally degenerate mouse models has provided a all genotypes (rd/rd, rd/1, 1/1). Remarkably, the sensi-
tivity of the circadian system to light does not parallelpartial solution to this issue. These ªreduced prepara-
tionsº have been used to correlate the loss of specific loss of either rod or cone photoreceptors. However,
removal of the eyes abolishes all circadian responsesphotoreceptors with an animal's ability to entrain to dif-
ferent light stimuli. Mice homozygous for retinal degen- to light in rd/rd mice (Foster et al., 1991).
The findings in rd/rd mice showed that rods are noteration (rd/rd) were the first animals to be used for such
studies. These mice experience a massive degeneration required for photoentrainment. Perhaps the remaining
cones, which lack outer segments, are able to maintainof rod and cone photoreceptors. By 60 days of age most
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normal photoentrainment? In recent experiments, the see Provencio et al., 1998a) and by behavioral and ana-
tomical studieson theblind mole rat (Spalax ehrenbergi).need of cones for photoentrainment hasbeen examined.
Mice are known to have two cone types, a ªgreenº or Spalax retains the ability to regulate its biological clock
by light but lacks any ability to use its eyes for theM-cone, maximally sensitive near 510 nm, and a UV or
S-cone, maximally sensitive near 360 nm. The require- construction of a visual image. This subterranean mam-
mal has minute eyes (z600 mm in diameter) buried be-ment for M-cones in photoentrainment has been exam-
ined by utilizing transgenic mice that contain an inte- neath the skin, and the brain structures involved in image
analysis and visually guided behaviors are severely re-grated fusion gene consisting of a portion of the human
red cone opsin promoter linked to an attenuated diph- duced or absent. For example, the dorsal lateral genicu-
late nucleus consists of a narrow sheet of tissue threetheria toxin gene. These transgenic mice have rod pho-
toreceptors, a substantially reduced number of S-cones, to five cells thick, and the medial terminal nucleus is
absent. By contrast, the SCN is well developed andand no M-cones. The circadian system of M-coneless
mice responds to monochromatic green light (lmax, 515 receives a bilateral projection from the retina. These
animals lackvisual responses but arecapable of entrain-nm) in a manner similar to congenic wild-type controls
(Freedman et al., 1997). These data are consistent with ing their locomotor rhythms to light cycles, and critically,
enucleation of Spalax blocks all photoentrainment (forthe hypothesis that there is complete redundancy of the
photoreceptor inputs to the clock. Thus, in the absence references, see Cooper et al., 1993). Over the past 30
million years, evolutionary processes appear to haveof the M-cones, rods (maximally sensitive around 500
nm) mediate photoentrainment, while in the absence of disentangled and eliminated the image-forming visual
system of this animal while retaining those componentsthe rods (e.g., rd/rd mice), cones regulate the clock.
Alternatively, a third photoreceptor, neither the rods nor of the eye that regulate the biological clock.
Based on their work in humans, Campbell and Murphythe cones, may mediate/contribute to photoentrain-
ment. In an attempt to distinguish between these possi- have proposed that the eyes are not required for the
photic regulation of the mammalian biological clock.bilities, rodless transgenic mice (rdta mice) (McCall et
al., 1996) and M-cone transgenic mice were bred, and They suggest that illumination of the skin and/or vascu-
lature provides a route (Campbell and Murphy, 1998),the progeny of these genetic crosses was examined.
Preliminary results suggest that subsaturating levels of or even the route (Oren, 1996), by which light can regu-
late the biological clock of mammals. These conclusionsmonochromatic light (lmax, 515 nm) still induce large
phase shifts in the circadian behavior of these animals are not supported by studies in rodents (Table 1). In
both diurnal and nocturnal rodents, enucleation blocks(Roenneberg and Foster, 1997). As both M-cones (lmax,
510 nm) and rods (lmax, 500 nm) have been eliminated, the entraining effects of sunlight at intensities consider-
ably higher than those used by Campbell and Murphythe data are consistent with the hypothesis that the
mammalian eye contains an unrecognized/novel pho- to illuminate the knee. Ocular, rather than extraocular,
photoreceptors mediate rodent photoentrainment. Fur-topigment sensitive to photons around 500 nm. The pos-
sibility that the mammalian eye contains unrecognized thermore, action spectra for phase shifting the biological
clock of mice and hamsters implicates photopigmentsphotopigments has attracted some general interest be-
cause of the recent discovery of novel retinal photopig- based upon opsin/retinaldehyde. These results are in-
consistent with the hypothesis that humoral photore-ments within the eyes of fish (Soni and Foster, 1997)
and amphibians (Provencio et al., 1998b). Work in a ceptors, based upon a tetrapyrrole photopigment, medi-
ate mammalian photoentrainment. That the recent worknumber of laboratories is currently attempting to isolate
such retinal pigments in mammals. Naturally, the finding of Campbell and Murphy should be so at odds with
the rodent data is puzzling and clearly warrants furtherof a novel ªcircadian photopigmentº would not mean
that the rods and cones play no role in mammalian investigation. Retinally degenerate rodents entrain their
circadian rhythms to light. These results, however, dophotoentrainment. Indeed, several studies have impli-
cated cone photoreceptors (Provencio and Foster, 1995; not support the existence of extraocular photorecep-
tion, because enucleation of these animals blocks pho-Zeitzer et al., 1997; Yoshimura and Ebihara, 1998). The
experiments outlined above merely suggest that rods toentrainment. Rather, these behavioral results, along
with anatomical findings (Table 1), support the hypothe-and cones are not required for photoentrainment.
Results from rd/rd mice have shown that classical sis that there are two functionally distinct systems for
visual blindness need not result in circadian blindness. processing light information within the CNS of mam-
Confusion has arisen because references to the data mals: an image-forming system, which constructs a vi-
have not been qualified by the explicit statement that sual representation of the environment, and a non-
enucleation of rd/rd mice will block photoentrainment. image-forming light detection system, which provides
Work in rd/rd mice does not support the existence of information about environmental irradiance.
extraocular photoreception. The results do, however,
support the hypothesis that the mammalian eye per-
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